The high prevalence of preexisting immunity to adenovirus serotype 5 (Ad5) in human populations will likely limit the immunogenicity and clinical utility of recombinant Ad5 (rAd5) vector-based vaccines for human immunodeficiency virus type 1 and other pathogens. A potential solution to this problem is to utilize rAd vaccine vectors derived from rare Ad serotypes such as Ad35 and Ad11. We have previously reported that rAd35 vectors were immunogenic in the presence of anti-Ad5 immunity, but the immunogenicity of heterologous rAd prime-boost regimens and the extent that cross-reactive anti-vector immunity may limit this approach have not been fully explored. Here we assess the immunogenicity of heterologous vaccine regimens involving rAd5, rAd35, and novel rAd11 vectors expressing simian immunodeficiency virus Gag in mice both with and without antiAd5 immunity. Heterologous rAd prime-boost regimens proved significantly more immunogenic than homologous regimens, as expected. Importantly, all regimens that included rAd5 were markedly suppressed by anti-Ad5 immunity. In contrast, rAd35-rAd11 and rAd11-rAd35 regimens elicited high-frequency immune responses both in the presence and in the absence of anti-Ad5 immunity, although we also detected clear cross-reactive Ad35/Ad11-specific humoral and cellular immune responses. Nevertheless, these data suggest the potential utility of heterologous rAd prime-boost vaccine regimens using vectors derived from rare human Ad serotypes.
CHAPTER 4
Immunogenicity of heterologous prime-boost regimens involving recombinant adenovirus serotype 11 (Ad11) and Ad35 vaccine vectors in the presence of anti-Ad5 immunity
Introduction
Preexisting anti-vector immunity represents a major hurdle in the development of vectorbased vaccines for human immunodeficiency virus type 1 (HIV-1) and other pathogens. Recombinant adenovirus serotype 5 (rAd5) vectors have been shown to elicit highfrequency immune responses and to afford protective efficacy in a variety of animal models (302, 313, 314) . These vectors are therefore being advanced into large-scale clinical trials (182, 301) . However, the high prevalence of anti-Ad5 immunity in human populations will likely limit the immunogenicity and clinical utility of rAd5 vector-based vaccines, particularly in the developing world (174, 301, 344) . Anti-Ad5 immunity has already been shown to suppress substantially the immunogenicity of rAd5 vaccines for HIV-1 in studies in mice (18, 20, 89, 316, 375) , rhesus monkeys (48), and humans in phase 1 clinical trials (300).
A potential solution to this problem is to develop rAd vectors from alternative Ad serotypes. One approach is to develop rAd vectors from species other than humans. For example, ovine (133), porcine (266), bovine (267), and chimpanzee (83, 369) Ads have been constructed. Of these vector systems, chimpanzee rAd vaccine vectors in particular have been shown to be immunogenic and only marginally affected by anti-Ad5 immunity in preclinical studies (89, 255) . However, a potential hurdle for the use of nonhuman rAd vaccine vectors is their unknown clinical disease associations in humans, which may raise substantial safety and regulatory concerns.
Another approach is to develop rAd vectors from rare human Ad serotypes (156, 200, 208) . A recent seroprevalence study of the 51 known human Ad serotypes demonstrated that Ad35 and Ad11 are particularly rare and may therefore offer substantial advantages over Ad5 as candidate vaccine vectors (344). We have recently reported that rAd35 vectors expressing simian immunodeficiency virus (SIV) Gag were immunogenic in mice and were not significantly suppressed by anti-Ad5 immunity, suggesting the feasibility of this approach (20) . We have also constructed rAd11 vectors (136), thus allowing the evaluation of heterologous rAd prime-boost vaccine regimens involving vectors derived from two rare human Ad serotypes. However, the immunogenicity of such regimens and the extent of cross-reactive anti-vector immunity have not previously been investigated in detail.
In this study, we assess the immunogenicity of heterologous rAd prime-boost regimens involving rAd5, rAd35, and rAd11 vectors expressing SIV Gag in mice both with and without anti-Ad5 immunity. In mice with anti-Ad5 immunity, rAd35-rAd11 and rAd11-rAd35 regimens proved more immunogenic than all regimens containing rAd5, although we detected clear cross-reactive Ad35/Ad11-specific humoral and cellular immune responses. These data demonstrate the potential utility of heterologous rAd prime-boost vaccine regimens but suggest that additional vectors that are immunologically distinct from rAd11 and rAd35 should be generated.
Materials and Methods
Vector construction, production, and purification E1/E3-deleted, replication-incompetent rAd5, rAd35 or rAd11 vectors were generated in PER.C6 or PER.C6/55K cells using pBR322-based adaptor plasmids pAdApt, pAdApt535 or pAdApt11 together with cosmids pWE.Ad.AflII-rITR.dE3, pWE.Ad35.pIX-rITR.dE3 or pWE.Ad11.dE3 respectively as previously described (124, 136, 344) . The SIVmac239 gag gene optimized for high levels of expression in mammalian cells (GeneART, Regensburg, Germany) was cloned into the adaptor plasmids under control of an immediate-early cytomegalovirus (CMV) promoter and an SV40 polyadenylation signal. These plasmids were linearized and transfected into PER.C6 or PER.C6/55K cells together with the linearized cosmids using lipofectamine (Invitrogen, Breda, The Netherlands). Homologous recombination led to the generation of rAd5-Gag, rAd35-Gag, or rAd11-Gag. These vectors were then plaque-purified, analyzed for transgene expression, amplified in 24-48 triple-layer T175-cm 2 flasks, purified by double CsCl gradient ultracentrifugation, and dialyzed into phosphate-buffered saline (PBS) containing 5% sucrose. Purified rAd vectors were stored at -80°C. Virus particle (vp) titers were determined by high-performance liquid chromatography (HPLC). Infectivity was assessed by PFU assays. SIV Gag expression was confirmed by infection of A549 cells followed by intracellular staining for Gag p27 and analysis by flow cytometry. Replication-incompetent rAd vectors expressing luciferase (rAd-Luciferase) or no transgene (rAdEmpty) were produced using similar methods.
Mice and immunizations
Six to eight week-old C57BL/6 or BALB/c mice were purchased from Charles River Laboratories (Wilmington, MA). Mice were injected intramuscularly (i.m.) with various doses of E1/E3-deleted, replication-incompetent rAd5, rAd35, or rAd11 vector expressing SIVmac239 Gag in 100 μl sterile PBS in the quadriceps muscles. For DNA immunizations, mice were injected i.m. with 50 μg plasmid VRC-4307 expressing SIVmac239 Gag-Pol-Nef (Vaccine Research Center, National Institutes of Health, Bethesda, MD) in 100 μl sterile saline. Prime-boost studies involved priming at week 0 and boosting at week 4. To induce active anti-vector immunity, mice were preimmunized twice, separated by a 4-week interval, i.m. with 10 10 vp rAd5-Empty, rAd35-Empty, or rAd11-Empty in 100 μl sterile PBS.
AL11-specific tetramer binding assays Tetrameric H-2D
b complexes folded around the immunodominant SIV Gag AL11 epitope (AAVKNWMTQTL) (20) were prepared and utilized to stain peptide-specific CD8 + T lymphocytes as described previously (6, 20) . Mouse blood was collected in RPMI 1640 containing 40 U/ml heparin. Following lysis of the red blood cells, 0.1 μg of phycoerythrin (PE)-labeled D b /AL11 tetramer in conjunction with allophycocyanin labeled anti-CD8Į monoclonal antibody (mAb) (Ly-2; Caltag, San Francisco, CA) was utilized to stain AL11-specific CD8 + T lymphocytes. The cells were washed in PBS containing 2% fetal bovine serum (FBS) and fixed in 0.5 ml PBS containing 1.5% paraformaldehyde. Samples were analyzed by two-color flow cytometry on a fluorescenceactivated cell sorter (FACS) Calibur (Becton Dickinson Pharmingen, Mountain View, CA). Gated CD8 + T lymphocytes were examined for staining with the D b /AL11 tetramer. CD8 + T lymphocytes from naïve mice were utilized as negative controls and exhibited <0.1% tetramer staining.
Gag-specific ELISPOT
Gag-specific cellular immune responses were assessed by gamma-interferon (IFN-Ȗ) ELISPOT assays as described previously (20, 316) . Murine splenocytes were assessed for responses to individual Gag epitope peptides or a pool of overlapping 15-amino-acid peptides covering the entire SIVmac239 Gag protein. Ninety-six-well multiscreen plates (Millipore, Bedford, MA) coated overnight with 100 μl/well of 10 μg/ml rat anti-mouse IFN-Ȗ (Pharmingen, San Diego, CA) were washed three times with endotoxin-free Dulbecco's PBS (Life Technologies, Gaithersberg, MD) containing 0.25% Tween-20 and blocked with PBS containing 5% FBS for 2 h at 37qC. The plates were washed three times with Dulbecco's PBS containing 0.25% Tween-20, rinsed with RPMI 1640 containing 10% FBS, and incubated in triplicate with 5 x 10 5 splenocytes per well in a 100 μl reaction volume containing 1 μg/ml peptide. Following an 18-h incubation, the plates were washed nine times with Dulbecco's PBS containing 0.25% Tween-20 and once with distilled water. The plates were then incubated for 2 h with 75 μl/well of 5 μg/ml biotinylated rat anti-mouse IFN-Ȗҏ (Pharmingen, San Diego, CA), washed six times with Coulter Wash (Coulter Corporation, Miami, FL), and incubated for 2 h with a 1:500 dilution of streptavidin-alkaline phosphatase (Southern Biotechnology Associates, Birmingham, AL). Following five washes with Coulter Wash and one with PBS, the plates were developed with nitro blue tetrazolium-5-bromo-4-chloro-3-indolyl-phosphate chromogen (Pierce, Rockford, IL), stopped by washing with tap water, air dried, and read using an ELISPOT reader (HiTech Instruments, Edgement, PA).
Virus neutralization assay
Ad5-, Ad35-, and Ad11-specific neutralizing antibody (NAb) responses were assessed by luciferase-based virus neutralization assays as described (308). A549 human lung carcinoma cells were plated at a density of 1 x 10 4 cells per well in 96-well plates and infected with E1/E3-deleted, replication-incompetent rAd-Luciferase reporter constructs at a multiplicity of infection of 500 with twofold serial dilutions of serum in 200-μl reaction volumes. Following a 24-h incubation, luciferase activity in the cells was measured using the Steady-Glo Luciferase Reagent System (Promega, Madison, WI). Neutralization titers were defined as the maximum serum dilution that neutralized 90% of luciferase activity.
Adoptive transfers
To study the inhibitory effects of Ad35-and Ad11-specific NAbs and CD8 + T lymphocytes, adoptive transfer studies were performed as described previously (316). Donor mice were preimmunized twice with rAd35-Empty or rAd11-Empty to generate anti-vector immune responses. Purified IgG from preimmunized or control mice was prepared from 2 ml serum pooled from 8 mice using a Protein A Antibody Purification kit (Sigma, St. Louis, MO) and dialyzed into 5 ml endotoxin-free Dulbecco's PBS (Life Technologies, Gaithersberg, MD). All IgG preparations had similar total protein concentrations of 2-3 mg/ml (Bio-Rad, Hercules, CA). Purified CD8 + T lymphocytes were prepared by negative selection with a murine CD8 + T Cell Isolation kit (Miltenyi Biotec, Auburn, CA) and were >95% pure as assessed by flow cytometry. CD8 + T lymphocytes were resuspended at a density of 10 8 cells/ml in endotoxin-free Dulbecco's PBS (Life Technologies, Gaithersberg, MD). Five-hundred microliters of purified IgG or CD8 + T lymphocytes were then adoptively transferred to naïve recipient mice by tail vein injection. On the day following the adoptive transfer, recipient mice were immunized with 2 x 10 8 vp rAd35-Gag or rAd11-Gag, and vaccine-elicited immune response were assessed.
Statistical analyses
Statistical analyses were performed with GraphPad Prism version 4.01 (GraphPad Software, Inc.). Comparisons of mean immune responses among groups of mice were performed by two-tailed t tests for two groups of animals or by analyses of variance (ANOVA) for more than two groups. Bonferroni adjustments were included when appropriate to account for multiple comparisons. In all cases, P values of less than 0.05 were considered significant. 
Results

Immunogenicity of rAd5, rAd35, and rAd11 vectors expressing SIV Gag
We previously reported that rAd35 vectors expressing SIV Gag elicited Gag-specific cellular immune responses that were not suppressed by anti-Ad5 immunity in mice (20). We also recently constructed novel, E1/E3-deleted, replication-incompetent rAd11 vaccine vectors (136). We therefore initiated studies to assess the immunogenicity of rAd11 vectors expressing SIV Gag in mice both with and without anti-Ad5 immunity. Groups of C57BL/6 mice (n = 12/group) were immunized once i.m. with 10 9 vp rAd5-Gag, rAd35-Gag, rAd11-Gag, or a sham vector control. As shown in Fig. 1a , all three vaccine vectors at this dose elicited comparable Gag-specific CD8 + T lymphocyte responses to the immunodominant AL11 epitope (AAVKNWMTQTL) (20) as measured by D b /AL11 tetramer binding assays. Mean tetramer CD8 + T lymphocyte responses were 4.4 to 5.6% for these vaccine vectors on day 14 following immunization. These results were confirmed by pooled peptide IFN-Ȗ ELISPOT assays (data not shown). We next assessed the impact of anti-Ad5 immunity on the immunogenicity of rAd5-Gag, rAd35-Gag, and rAd11-Gag. Groups of C57BL/6 mice (n = 12/group) were pre-immunized twice at 8 weeks and 4 weeks prior to vaccination with 10 10 vp rAd5-Empty to generate antiAd5 immunity. Ad5-specific neutralizing antibody (NAb) titers in these mice were 8,192 to 16,384, comparable with Ad5-specific NAb titers observed in the developing world (174). As shown in Fig. 1b , rAd5-Gag responses were essentially ablated in these mice and exhibited mean tetramer-positive CD8 + T lymphocyte responses of only 0.3% on day 14 following immunization. In contrast, rAd35-Gag and rAd11-Gag responses were not substantially affected by anti-Ad5 immunity, with mean tetramer-positive CD8 + T Anti-Ad5 Immunity lymphocyte responses of 4.4% to 4.6% on day 14. In fact, rAd35-Gag and rAd11-Gag proved significantly more immunogenic than rAd5-Gag in the presence of preexisting antiAd5 immunity (P < 0.001 comparing mean tetramer responses among groups of mice on day 14 using analyses of variance with Bonferroni adjustments to account for multiple comparisons). Thus, rAd11-Gag effectively evaded anti-Ad5 immunity, comparable with our previous observations for rAd35 . To compare more rigorously the relative immunogenicity of rAd5-Gag, rAd35-Gag, and rAd11-Gag, we evaluated Gag-specific CD8 + T lymphocyte responses in groups of mice (n = 4/group) that received lower vaccine doses of 10 8 vp or 10 7 vp of each vaccine vector. As shown in Fig. 2 , rAd35-Gag and rAd11-Gag appeared comparably immunogenic, but rAd5-Gag proved substantially more immunogenic than both rAd35-Gag and rAd11-Gag when inoculated at these lower doses. These data suggest that rAd5 vectors were intrinsically more immunogenic than rAd35 and rAd11 vectors in the absence of anti-Ad5 immunity. 
Immunogenicity of heterologous rAd prime-boost regimens
We next sought to determine the immunogenicity of homologous and heterologous rAd prime-boost regimens in mice both with and without anti-Ad5 immunity. Groups of naïve C57BL/6 mice (n = 4/group) were primed at week 0 with 10 9 vp rAd35-Gag or rAd11-Gag and boosted at week 4 with 10 9 vp rAd5-Gag, rAd35-Gag, or rAd11-Gag. Gag-specific cellular immune responses were assessed by D b /AL11 tetramer binding assays following the boost immunization. As shown in Fig. 3a , naïve mice primed with rAd35-Gag could not be boosted by a second immunization of rAd35-Gag, presumably as a result of vaccine-elicited anti-vector immunity. In contrast, mice primed with rAd35-Gag were effectively boosted by rAd11-Gag and in particular by rAd5-Gag. Similarly, as shown in Fig. 3b , mice primed with rAd11-Gag could not be boosted by a second administration of rAd11-Gag but were efficiently boosted by rAd35-Gag and in particular by rAd5-Gag. These data demonstrate that heterologous rAd prime-boost regimens were substantially more immunogenic than homologous rAd regimens. These results were confirmed by pooled peptide IFN-Ȗ ELISPOT assays (data not shown). We next assessed the immunogenicity of heterologous rAd prime-boost regimens in mice with anti-Ad5 immunity. Mice were preimmunized twice with rAd5-Empty as described above. As shown in Fig. 3c and d, rAd5-Gag was no longer an effective boosting vector in the presence of anti-Ad5 immunity. Immune responses primed by rAd35-Gag or rAd11-Gag could not be boosted by rAd5-Gag. Moreover, the homologous rAd5-rAd5 regimen elicited negligible responses in these mice. These data demonstrate that anti-Ad5 immunity essentially abrogated the ability of rAd5 to serve both as a priming vector and as a boosting vector. Importantly, heterologous rAd35-rAd11 and rAd11-rAd35 regimens elicited highfrequency cellular immune responses that proved more immunogenic than all regimens involving rAd5 in the presence of anti-Ad5 immunity (P < 0.01 comparing mean tetramer responses among groups of mice on day 7 following the boost immunization). These findings suggest that the optimal rAd vaccine regimen should involve two heterologous rAd serotype vectors that are both distinct from Ad5. 9 vp rAd11-Gag and then boosted at week 4 with 10 9 vp rAd5-Gag, rAd35-Gag, rAd11-Gag, or a sham vector control. In mice with anti-Ad5 immunity, the rAd5-Gag prime, rAd5-Gag boost regimen was also included as a negative control. Gag-specific CD8 + T lymphocyte responses were assessed by D b /AL11 tetramer binding assays following the boost immunization. The rAd5-Gag boost responses are depicted in the open circles.
Immunogenicity of heterologous DNA-rAd prime-boost regimens
Priming with plasmid DNA vaccines and boosting with rAd5 vectors has been shown to elicit particularly potent immune responses in a variety of preclinical models (183, 302, 314) . We therefore evaluated the immunogenicity of heterologous DNA-rAd prime-boost regimens in mice both with and without anti-Ad5 immunity. Groups of naïve C57BL/6 mice (n = 4/group) were primed at week 0 with 50 μg plasmid DNA vaccine expressing SIV GagPol-Nef and boosted at week 4 with 10 9 vp rAd5-Gag, rAd35-Gag, or rAd11-Gag. Gagspecific cellular immune responses were assessed by D b /AL11 tetramer binding assays following the boost immunization. As shown in Fig. 4a , naïve mice primed with the DNA vaccine were boosted efficiently by all three vectors but in particular by rAd5-Gag. Mean tetramer-positive CD8 + T lymphocyte responses were 22.6% on day 7 following the rAd5- Gag boost immunization, 7.5% following the rAd35-Gag boost immunization, and 8.5% following the rAd11 boost immunization. These data confirm the potent intrinsic immunogenicity of rAd5 vectors in the absence of anti-Ad5 immunity (Fig. 2) . In the presence of anti-Ad5 immunity, however, rAd5-Gag proved only marginally effective as a boosting vector, whereas rAd35-Gag and rAd11-Gag were not substantially affected. As shown in Fig. 4b , mean tetramer-positive CD8 + T lymphocyte responses in these mice were only 1.8% on day 7 following the rAd5-Gag boost immunization, but they were 8.2% following the rAd35-Gag boost immunization and 8.1% following the rAd11 boost immunization. Thus, in mice with anti-Ad5 immunity, DNA-rAd35 and DNA-rAd11 regimens were significantly more immunogenic than the DNA-rAd5 regimen (P < 0.01 comparing mean tetramer responses among groups of mice on day 7 following the boost immunization). These data demonstrate that anti-Ad5 immunity substantially suppressed the immunogenicity of all vaccine regimens containing rAd5 vectors. In contrast, vaccine regimens containing rAd35 and rAd11 vectors proved immunogenic both in the presence and in the absence of anti-Ad5 immunity. 
Cross-reactive Ad35/Ad11-specific immunity
In the absence of anti-Ad5 immunity, heterologous rAd35-rAd5 and rAd11-rAd5 vaccine regimens proved substantially more immunogenic than rAd35-rAd11 and rAd11-rAd35 regimens ( Fig. 3a and b) . These findings presumably reflected in part the potent intrinsic immunogenicity of rAd5 vectors (Fig. 2) . However, we also reasoned that the high degree of genetic homology between Ad35 and Ad11 (136) could potentially result in cross-reactive Ad35/Ad11-specific immune responses that may also limit the immunogenicity of these heterologous prime-boost regimens. To assess for possible cross-reactive anti-vector immune responses, groups of mice (n = 4/group) were preimmunized with 10 10 vp rAd35-Empty or rAd11-Empty prior to immunization with 10 9 vp rAd5-Gag, rAd35-Gag, or rAd11-Gag. All three of these vectors elicited comparable cellular immune responses when inoculated at this dose in naïve mice (Fig. 1a) . As shown in Fig. 5a , anti-Ad35 immunity abrogated the immunogenicity of rAd35-Gag as expected. Interestingly, anti-Ad35 immunity also substantially suppressed the immunogenicity of rAd11-Gag, indicating the presence of functionally significant cross-reactive Ad35/Ad11-specific immune responses. To quantitate titers of cross-reactive vector-specific NAbs, mice were immunized with one or two doses of 10 10 vp rAd5-Empty, rAd35-Empty, or rAd11-Empty. Ad5-, Ad35-, and Ad11-specific NAbs were measured at week 4 following each immunization using luciferase-based virus neutralization assays (308). As shown in Fig. 6a , no detectable crossreactive NAbs were detected following the first immunization, indicating titers <16. Following the second immunization, as depicted in Fig. 6b , rAd35-immunized mice generated low but clearly detectable Ad11-specific NAb titers, and rAd11-immunized mice exhibited low Ad35-specific NAb titers. The cross-reactive NAb titers were approximately 100-fold lower than the NAb titers against the homologous vectors. Interestingly, no crossreactive Ad5/Ad35-or Ad5/Ad11-specific NAbs were detected in these animals. Mice were immunized either (a) once or (b) twice with 10 10 vp rAd5-Empty, rAd35-Empty, or rAd11-Empty. Serum was assessed for Ad5-, Ad35-, and Ad11-specific NAbs 4 weeks following immunization.
Adoptive transfer studies
We next performed adoptive transfer studies to investigate the relative functional significance of cross-reactive Ad35/Ad11-specific NAbs and CD8 + T lymphocytes. Donor mice were immunized twice with either 10 10 vp rAd35-Empty or saline. IgG was purified from serum, and 500 μl was adoptively transferred to naïve recipient mice (n = 8/group) prior to immunization with 2 x 10 8 vp rAd35-Gag or rAd11-Gag. As shown in Fig. 7a and b, Ad35-specific IgG but not control IgG abrogated cellular immune responses elicited by rAd35-Gag as measured by tetramer binding assays and IFN-Ȗ ELISPOT assays using pooled Gag peptides and individual epitope peptides. Importantly, as shown in Fig. 7c and d, Ad35-specific IgG also markedly suppressed the immunogenicity of rAd11-Gag, demonstrating the functional significance of cross-reactive Ad35/Ad11-specific NAbs. We next performed a similar adoptive transfer study using CD8 + T lymphocytes purified from splenocytes of mice immunized with rAd35-Empty or saline as described above. CD8 + T lymphocytes (5 x 10 7 ) were adoptively transferred to naïve recipient mice prior to immunization with 2 x 10 8 vp rAd35-Gag or rAd11-Gag (n = 8/group). As shown in Fig. 8a and b, Ad35-specific CD8 + T lymphocytes partially suppressed cellular immune responses elicited by rAd35-Gag. Moreover, as shown in Fig. 8c and d, Ad35-specific CD8 + T lymphocytes also partially suppressed the immunogenicity of rAd11-Gag. These data suggest that both NAbs and CD8 + T lymphocytes contributed to cross-reactive Ad35/Ad11-specific immunity, although NAbs likely served the critical and primary role. 5 ) and adoptive transfer studies ( Fig. 7 and 8 ). These data demonstrate that closely related serotype rAd vectors are not necessarily immunologically distinct in this model. It is clear from the adoptive transfer studies that both NAbs and CD8 + T lymphocytes contribute to cross-reactive Ad35/Ad11-specific immunity, although NAbs likely play the critical and primary role. These observations are consistent with our prior observations regarding the relative importance of NAbs and CD8 + T lymphocytes to Ad5-specific immunity (316). Ad35 and Ad11 are highly related viruses from Ad subfamily B that share >98% genetic homology (136). It is therefore not surprising that cross-reactive Ad35/Ad11-specific immunity exists. Cross-reactive CD4 + and CD8 + T-lymphocyte responses have also been described in humans (128, 238, 306) , although cross-reactive NAbs and the functional significance of these responses have not previously been investigated. Interestingly, we did not detect cross-reactive Ad35/Ad11-specific NAbs in our previous studies in which we assessed human serum samples for the presence of Ad35-and Ad11-specific NAbs (136). Presumably the relatively low titers of Ad35-and Ad11-specific NAbs typically found in humans as compared with those generated by immunization of mice obscured detection of cross-reactive NAbs in these seroprevalence studies. Studies from our laboratory and others have previously reported that heterologous rAd prime-boost regimens can elicit high-frequency immune responses (20, 255, 301) . The present study extends these prior observations by evaluating the immunogenicity of rAd prime-boost regimens in the presence of preexisting anti-Ad5 immunity and by assessing the extent of cross-reactive anti-vector immunity. Our results indicate that in the presence of anti-Ad5 immunity, the optimal rAd vaccine regimen requires two rare serotype rAd vectors that are both distinct from rAd5. Both rAd35 and rAd11 are attractive candidate vaccine vectors that are not substantially suppressed by anti-Ad5 immunity but may be limited by cross-reactive anti-vector immunity. Moreover, rAd35 and rAd11 vectors appear less immunogenic than rAd5 vectors in the absence of anti-Ad5 immunity (20, 301), although it is possible that our studies may have underestimated the immunogenicity of rAd35 and rAd11 vectors since mice lack the optimal CD46 receptor (96). Although we observed clear cross-reactive Ad35/Ad11-specific NAbs, we failed to detect cross-reactive Ad5/Ad35-or Ad5/Ad11-specific NAbs (Fig. 6 ). These data suggest that certain rAd vector combinations may not be inhibited by cross-reactive anti-vector immunity. Whereas Ad35 and Ad11 are from Ad subfamily B, Ad5 is from Ad subfamily C and thus shares less genetic homology with these other vectors. Interestingly, rAd35-rAd5 and rAd11-rAd5 vaccine regimens proved substantially more immunogenic than rAd35-rAd11 and rAd11-rAd35 regimens in the absence of anti-Ad5 immunity (Fig. 3) . These findings likely reflect both the potent intrinsic immunogenicity of rAd5 vectors as well as the absence of substantial cross-reactive anti-vector immunity. These data suggest that the optimal heterologous rAd prime-boost regimen should involve two vectors that are both rare in humans, distinct from Ad5, and derived from different Ad subfamilies. We predict that such a regimen will prove substantially more immunogenic than regimens involving vectors derived from the same Ad subfamily as a result of reduced cross-reactive anti-vector immunity. Additional rare serotype rAd vectors that are immunologically distinct from rAd35 and rAd11 should therefore be constructed. Future studies could investigate the immunogenicity and protective efficacy of such rAd vector-based vaccine regimens for both HIV-1 and other pathogens.
